Introduction
[2] Voyager-and Cassini observations have revealed a complex geologic history of Enceladus [Smith et al., 1982; Porco et al., 2006] . Different from its sibling Mimas, which exhibits an ancient surface, most of Enceladus has been resurfaced, and its south polar region is currently active, showing anomalous high temperatures and erupting plumes [Spencer et al., 2006; Porco et al., 2006] . Thermal models can help unfold important details of this history [e.g., Schubert et al., 2007; Tobie et al., 2008] ; however, such models are hard to constrain primarily because Enceladus' internal composition and structure are poorly understood, and its orbital eccentricity, which governs the strength of tidal heating, may have been higher in the past [Roberts and Nimmo, 2008] .
[3] In this paper, we present new constraints for thermal models of Enceladus. Using recent Cassini imaging data, we derive a local heat flux that leads to specific implications for the past regional thermal state. The heat flux is estimated from flexurally supported topography, and the time to which the estimate applies is determined by crater size-frequency counts.
Observations
[4] We study a region of the Harran Sulci located at the transition from Diyar Planitia to older cratered plains ($3°N, 130°E) ( Figure 1 ). In this region Enceladus exhibits an 11 km wide N-S trending half-graben structure that, as stereo-derived topography reveals, has an elevated western flanking ridge (Figures 1 and 2 ). The ridge rises up to $1 km above the local surroundings and is interpreted to have formed by flexural uplift in response to unloading caused by extension, as sketched in Figure 1 . Towards the north, the ridge degrades into sub-parallel km-scale ridges and troughs and it becomes broader and shallower (Figure 2 ). This morphology and the young age (Figure 1 ) suggest postformational extension in this part of the ridge. Consequently, we have exempted it from our modeling. The cumulative extension [Giese et al., 2007] across the half-graben is 1.1 km, and the associated strain is 11.1%.
Theory and Methods
[5] The method we apply to derive the heat flux is elaborated in a previous paper [Giese et al., 2007] ; here we give just a short outline. We treat the lithosphere as a cracked elastic plate [Turcotte and Schubert, 2002] and first determine the flexural parameter a by modeling the shape of the plate. a is related to the effective thickness T e of the elastic plate by
where E is the Young's modulus, n is the Poisson's ratio of the material, g is the gravitational acceleration, and Dr is the density contrast between the lithosphere and the material above. T e is then related to the strength envelope of the lithosphere following the formalism described by McNutt [1984] . This yields the heat flux F and also the mechanical thickness T m of the lithosphere. In detail, we solve the equation
where s(z) is the differential stress at depth z (Section 4), K max is the maximum curvature of the plate, and z n is a depth fixed by the condition that the stress profile integrates to zero. A selected stress profile is shown in Figure 3 .
Constitutive Relations and Strength Parameters
[6] The surface of Enceladus is covered in almost pure water ice [Ostro et al., 2006; Jaumann et al., 2008] , and we assume that this also holds up to depths of some kilometers. For the stresses in the brittle zone we adopt the relations given by Beeman et al. [1988] with a slope of 0.69 and an intercept equal to zero. The ductile ice strengths are calculated from equation [Goldsby and Kohlstedt, 2001 ]
with strain rates _ e i specific to grain boundary sliding (gbs), dislocation creep (disl), basal or easy slip (basal), and volume diffusion (diff). Their general form can be written as [Goldsby and Kohlstedt, 2001; Ranalli, 1995] 
where d is the grain size, R is the gas constant, T is the temperature, and Q is the activation energy. Q i , A i , m i , and n i are process-dependent parameters given in Table 1 . For the temperature of the ductile layer we adopt a conductive profile that takes into account porosity effects of the brittle ice above. We use (see Appendix A) , and p is a number that models the drop of thermal conductivity towards the surface due to porosity. Specifically, the surface conductivity is k 0 exp(Àp) and the conductivity reaches the non-porous value k 0 at the base of the brittle layer.
[7] Throughout the calculations, we adopt Dr = 920 kg/m 3 , g = 0.113 m/s 2 , n = 0.33, E = 1 GPa, and T s = 65 K, which corresponds to the diurnal average surface temperature currently measured at the equator [Spencer et al., 2006] .
Results
[8] As observational data in the modeling we use a mean profile (Figure 2 ). The best fit is obtained with a = 3.14 km corresponding to T e = 0.3 km (dotted line). The maximum curvature of the plate is K max = 6 Á 10 À5 m
À1
. Resulting heat fluxes predicted by equation (2) . The dependence on the adopted stress limit (see Figure 3) is also weak. Halving this value raises T m by less than 100 m and F by less than 1 mW/m 2 .
[9] Porosity of the brittle layer lowers the obtained heat fluxes. For an adopted maximum porous conductivity of 0.6 Á k 0 at the surface the heat flux decreases by $21%, and for a minimum of 0.06 Á k 0 the decrease is by $77% (Figure 4) .
[10] Grain boundary sliding and dislocation creep are the dominant creep processes in determining the heat fluxes here (Figure 4 ).
Ages
[11] The flanking ridge of the half-graben is stratigraphically tied to Diyar Planitia (Figure 1 ). While this suggests that both are similar age, a younger age for the half-graben cannot be excluded. To determine ages we performed crater size-frequency measurements. Absolute ages (Figure 1) are derived from two different impact chronology models: the lunar-like model, which is based on impacts preferentially by asteroids [Neukum, 1985] , and the model by Zahnle et al.
[2003] (here we only consider the relevant Case A discussed by the authors), which is based on comets as major impactors. The crater counts were carried out in images with resolutions of 24-188 m/pxl taken during Cassini's 4th orbit (see auxiliary material). 
Discussion and Conclusions
[12] The best fit model profile shown in Figure 2 ignores an apparent horst to the west of the ridge with the implicit understanding that its formation was superimposed on the formation of the flanking ridge. Otherwise T e would increase to 0.75 km (and T m to 3.6 km) and the obtained heat fluxes would decrease by about 30% which, however, is less compared with uncertainties related to the porosity structure.
[13] Measurements of Enceladus' thermal inertia [Spencer et al., 2006] imply a highly unconsolidated surface up to depths of $1 cm. The effect of a very low-density insulating surface layer can be taken into account in our model via a higher surface temperature T s , which (in our model) actually is a temperature at depths where no more diurnal variations occur. Using T s = 80 K rather than 65 K (Section 4) yields heat fluxes by $20% lower.
[14] Prevailing strain rates during the formation of the half-graben are unknown but a plausible range can be identified on the basis of the measured extension [Giese et al., 2007] . Assuming that the time span of formation was not shorter than a few 0.1 Ma and not longer than a few 100 Ma, the range of strain rates must then be limited to $10 À17 -10 À14 s À1 .
[15] The derived heat fluxes and the mechanical lithospheric thickness characterize the local thermal state associated with the formation of the half-graben, but probably, this state applies to the whole region of Diyar Planitia (Section 6). However, we note that warm ice welling up in the rift zone in response to extensional unloading could have enhanced the heat flux there. The intrusion of warm ice is fundamentally presumed to have caused the uplifted rift flank, but its possible contribution to the obtained heat flux remains open.
[16] If near-surface porosity is neglected the obtained heat fluxes of 200 -270 mW/m 2 give a good match to those derived via models of unstable extension of the lithosphere. In the framework of that model Bland et al. [2007] derived heat fluxes of 110-220 mW/m 2 in Diyar Planitia. Moreover, our heat fluxes are as high as average heat fluxes of 250 mW/m 2 measured in Enceladus' south polar region [Spencer et al., 2006] . This suggests high thermal activity already earlier in its history. However, the effects of nearsurface porosity may be important on Enceladus. This is expected from its low gravity and associated low overburden pressure and predicted by experimental work [Durham et al., 2005] . On the other hand, significant heating at depth, which is plausible in view of the obtained high heat fluxes and the high predicted interior temperatures [Matson et al., 2007] , may have removed porosity by viscous creep. The true porosity structure is likely complex and is unknown. Thus, in modeling the conductivity (Appendix A) we consider the warmer ductile ice to be non-porous, and for the brittle layer we have chosen a simple 1-parameter ansatz that provides a reasonable order-of-magnitude estimate of porosity effects on the heat fluxes. The adopted limits of porous conductivity are those considered for Kuiper Belt objects [McKinnon, 2002] . At the highest adopted porosity the obtained heat fluxes are reduced to 45-60 mW/m 2 , which demonstrates the significance of porosity effects here and, at the same time, stresses the importance of knowing the porosity structure in thermal modeling.
[17] An independent estimate of lithospheric thickness can be obtained from an apparent simple graben structure which has formed in Diyar Planitia (Figure 2 ). Simple grabens are bounded by normal faults that converge at the brittle-ductile transition and thus are probes of the lithosphere as well [Golombek and Banerdt, 1986] . From the measured graben width of 2.5 -3.5 km and fault dip (assumed to be 60°) the brittle layer thickness results in 2-3 km consistent with the brittle-ductile transition depth of 2.1 km inferred from Figure 3 .
[18] Differential stresses at the brittle-ductile transition are $0.15 MPa (Figure 3) . Such stresses are required to cause frictional sliding there. Diurnal tidal stresses [Hurford et al., 2007] are of the same order and thus could have caused frictional tidal heating in Enceladus' brittle zone.
[19] Rift zones on Jupiter's satellite Ganymede exhibit relief of typically some hundred meters [Nimmo et al., 2002; Nimmo and Pappalardo, 2004] (an example with flankuplift of 280 m is shown in Figure 2 ). This is markedly less relief than obtained for Enceladus (940 m) and may be related to the higher stresses on Ganymede to initiate frictional sliding. Frictional sliding forces scale with gravity, which, however, is 12 times higher on Ganymede than on Enceladus.
Appendix A
[20] Here we derive a temperature profile of the ductile (assumed to be non-porous) ice at given heat flux F if the brittle ice above is porous. Generally, the heat flux is related to temperature via F = k Á @T @z , where k is the thermal conductivity. For the ductile ice we apply the thermal conductivity of pure water ice as given by Klinger [1980] , k 0 = 567/T, and for the brittle porous part we adopt a simple 1-parameter ansatz in the form k 0 Á exp{Àp Á (1Àz/d b )}, where d b is the brittle layer thickness, and p is a positive number that models the degree of porosity. Solving these equations for each part and imposing the condition that the temperature must be continuous at the transition the ductile ice temperature profile is given by
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